The aim of this study was to evaluate whether an infrared thermometer, a pyrometer, could detect the body surface temperature in the orbital area of gilts without contacting them. Furthermore, it was tested whether an increase in the gilts' temperatures could be detected. Therefore, fever was induced. During 11 trials, 43 German Landrace gilts were injected with either a Porcilis AR-T DF (Intervet International B.V., Boxmeer, Netherlands) vaccine or 2 ml of 0.9 % NaCl. A commercial temperature logger (TRIX-8, LogTag Recorders, Auckland, New Zealand) was placed in the vagina to record temperature data every 3 min. The pyrometer (optris cs, Optris, Berlin, Germany) was aimed at where the orbital area of the gilts would be. While they were drinking, temperature measurements were done in that site by the pyrometer. Time periods from 0.25 to 6 h were analysed. Considering the 0.25-h period, a positive correlation (ρ=0.473) between temperatures of the logger and the pyrometer was found for 15 of 39 gilts. The longer the chosen measuring period was, the fewer animals showed a significant correlation between the two temperatures. In contrast to the vaginal logger, the pyrometer cannot detect an increase in the body temperature in all fever-induced gilts. In conclusion, a pyrometer cannot detect the body surface temperature reliably. An increase in the body surface temperature over a short time period (on average 5 h) could not be detected by the pyrometer. The temperature increase measured using the pyrometer was too low and time-delayed compared to the temperature detected by the vaginal logger.
Introduction
By detecting fever as an early sign of an inflammatory or infectious disease, timely treatment can be provided. To achieve this goal, the authors think, continuous and automatic monitoring is necessary and therefore a highly important topic. In this study, an infrared pyrometer (PM) was used to measure the surface temperature of gilts with fever. This method has the advantage of being non-invasive, contactless and automatically usable, and therefore, it can save time for the staff. In the best case, only the specific sows that were identified as febrile, using the PM, would have to be verified by measuring the rectal temperature by the working staff instead of all or no sows.
Various authors have described the potential of infrared thermography in animals. For example, Johnson et al. (2011) measured the eye temperature of ponies using an infrared camera (IRC), and the results of their study support the use of infrared thermography as an additional method for measuring body temperature. In the study of Traulsen et al. (2010) , the temperatures of different body surface locations (eye, inner part of the ear, back of the ear, mammary gland and vulva) were measured to investigate whether infrared thermography is useful to detect the body temperature of gilts. The temperatures were measured using an IRC, with the result that an increase in the rectal temperature corresponded with an increase in infrared temperature. Another study determined that the temperature of the eye of a cow was a useful indicator of its body core temperature (Gloster et al. 2011) . Hoffmann et al. (2012) measured the body surface temperatures of cows and calves using an IRC and compared them with the vaginal and rectal temperatures. As a result, they stated that the IRC shows potential as a system for monitoring the body temperatures of cattle.
However, there are potential limitations of infrared measurements and factors that can influence the measurements negative. Therefore, the measurements should be collected out of direct sunlight and wind drafts, hair coats should be free of dirt and moisture, and the effects of weather conditions, circadian rhythms and the time of feeding, milking and lying down should be considered (Knížková et al. 2007) . Furthermore, other authors who used the IRC technique for non-continuous measurements concluded that this technique is unreliable in measuring the body temperature or in allowing predictions of the rectal temperature (Chen & White 2006 , Dewulf et al. 2003 .
Various body-temperature monitoring systems have been investigated by other authors to find a suitable method for contactless monitoring of animals' body core temperatures. Hillman et al. (2009) used a vaginal logger in cows to measure the body core temperature and compared it to the rectal temperature, and Soede et al. (1997) used a vaginal logger in gilts to measure the body core temperature. Suthar et al. (2013) , Stiehler et al. (2013) and Vickers et al. (2010) validated this kind of temperature measuring method. Furthermore, subcutaneous implants in pigs (Lohse et al. 2010) or intraruminal boli in cows (Rose-Dye et al. 2011) have been used in different studies. However, these methods are invasive and carry a certain risk of damage and, therefore, are more suitable for research than for use in husbandry.
The purpose of this study was to automatically detect an increase in the body core temperature via repeated continuous infrared thermography measurements with a PM targeted at the orbital area in fever induced gilts while they were drinking, using the vaginal temperature as the control. This control method was validated in a former trial (Schmidt et al. 2013a ).
Material and methods

Animals
This study was approved by the state office for agriculture, food safety and fisheries in Mecklenburg-Vorpommern (number 7221.3-1.1-005/12), Germany. The trial was conducted in the experimental pig unit of the Leibniz Institute for Farm Animal Biology (FBN), Dummerstorf, Germany with 44 German Landrace gilts from May to December 2012. The gilts were 208 to 215 days of age. Eleven trials were conducted; four gilts were tested in each trial. For the installation of the measurement devices, the animals were maintained on a solid concrete floor without straw bedding, in individual side-by-side crates, leaving one empty crate in between. Each crate measured 0.6×2.2 m. The feed consisted of commercial gilt-rearing feed pellets, and the animals were fed 1 300 g of pellets twice a day. Water was available ad libitum from nipple drinkers.
Treatment
To induce fever, 2 ml of the commercial vaccine Porcilis AR-T (Intervet International B. V., Boxmeer, Netherlands) (RA vaccine) was administered intra-muscularly once to two gilts that were randomly chosen from four gilts per trial. A dose of 2 ml of 0.9 % sterile NaCl solution (Selectavet Dr. Fischer GmbH, Weyarn-Holzolling, Germany) was administered in the same way to two control gilts. To acclimatise the gilts to the crates, the treatment was begun on the third day of the trial between 9.00 and 9.30.
Measurements
As a control and a more invasive method, the vaginal temperature (VT) of each gilt was measured during the trial. Furthermore, for a contactless method, a fixed pyrometer (optris cs, Optris, Berlin, Germany) was used to measure the body surface temperature. In addition, the water consumption was measured using a digital flow meter (FCH-m-POM, B.I.O-TECH e. K., Vilshofen, Germany) to detect the exact time and duration of drinking per day, as previously described (Schmidt et al. 2013a) . The duration of the drinking period of each gilt was recorded in s. If a pause of 15 s was detected, a new drinking session was assumed to have started.
The VT was measured continuously. These measurements were performed for three days, from day two through day four of the trial, using a micro-climate monitoring device that was designed for industrial purposes, using an external temperature probe (TRIX-8 recorder with a ST100S-15 probe, LogTag Recorders, Auckland, New Zealand) as a vaginal logger (VL). The logging device and the respective sensor cable were fixed on the backside of the gilts via adhesive tape, and the probe was inserted in the vagina as described in Schmidt et al. (2013a) . The VL took temperature data every 3 min. Temperatures below 36 °C were excluded from the data evaluation because they indicated that the VL had slipped out of the vulva, e. g., due to excretion, as no increase of temperature above that threshold was found after dropping below 36 °C without manually reinserting the VL. As soon this event was noticed, the VL was cleaned and reinserted. Because a staff person was present only during the day time, VL data for the night time was rarely available for many of the gilts; during 35 of the in total 84 observed sows and nights the logger slipped out.
In the 5th trial, one gilt in the control group did not drink at all during the treatment period, and therefore, this gilt was excluded from further evaluation. In the 10th trial, a malfunction occurred in the VL of one of the gilts in the control group. The data from this gilt could not be used for further evaluation.
The emissivity of human skin, ε=0.985, was used for the infrared device. The PM was secured in the neighbouring empty pen, and the target area of the gilt was the orbital area ( Figure 1 ). The distance between the body surface and the pyrometer was approximately 20-30 cm, which resulted in a measuring spot diameter of 1.3 to 2.0 cm. The PM measured continuously with a system accuracy of ± 1.5 °C. The temperature data that were used for evaluation were those taken only when the gilt was drinking, to ensure that the PM had been aimed at the orbital area. Temperature measurements lower than 35 °C were discarded because those values indicated that the sows had moved outside the target area of the PM and therefore the measurements were not measurements of the orbital area. Based on findings in a previous study analysing infrared measurement methods in various body locations (Schmidt et al. 2013b ) the threshold of 35 °C was chosen by subtracting twice the accuracy of the PM from the lower end of the expected temperature range in pigs of 38 °C. The following monitoring periods: 0.25 h, 1 h, 2 h, 3 h, 4 h and 6 h were chosen for monitoring. For every period the maximum temperatures were calculated in both devices, VL and PM. These intervals were chosen because of the following different reasons. Accordingly, a change in the temperature should be detected as early as possible, which requires short measurement intervals, and it should be possible to follow the change in temperature over the long term, which might be easier in longer intervals, as taking only the maximum temperature in every period will smoothen the shape of the temperature curve. Due to their circadian rhythms, long periods occur during which the animals do not drink at all, which also is an indication for using longer periods to increase the chance to have at least one temperature measurement within that period. 
Statistical analysis
Statistical analysis was performed using the SAS v. 9.3 software (SAS Institute Inc., Cary, NC, USA). To achieve an initial overview, the Pearson correlation between the vaginal temperature and the pyrometer temperature was calculated for each of the gilts and for each of the six monitoring periods mentioned above, based on the maximum values per time period for each measurement method. For comparison, the pooled Pearson correlations between the VL and PM temperatures for all gilts and for each monitoring period were calculated as well. Overall variation of temperature measurements by period was charted in a Bland-Altman plot (Bland & Altman 1999) .
A mixed linear model was used with the MIXED procedure in SAS to compare the ability of two methods (VL and PM) to detect changes in maximum temperature (T) while considering the following factors: measurement method, monitoring period, time of the day, treatment group, vaccine influence and animal effect. The fixed effects were the method (MTH, with i=2 levels, for the VL and the PM), the monitoring period during a day (MID, with j=96, j=24, j=12, j=8, j=6 and j=4 levels for the variants of the 0.25-h period, 1-h period, 2-h period, 3-h period, 4-h period and 6-h period, respectively), the treatment group (GRP, with k=2 levels for the vaccine treatment and the NaCl control groups) and the period of treatment effect during the day (VAC, with l=2 levels for the data obtained between 8.00 and 21.00 on the third day of the trial and for all of the other data). A random effect of the gilts (GLT, m=1,…, 42) that was grouped by the method was included. Repeated measurements for a gilt that were grouped by the method were considered using a spatial power covariance structure. This technique allowed accounting for correlated measurements for a gilt based on differences in the monitoring periods when the data were not evenly spaced in time because there were missing data, e. g., when the gilts did not drink or when the VL slipped out of the vulva for a prolonged period of time.
Because interactions between the fixed effects were expected, the full model including all of the interactions was fitted first, separately for each of the six monitoring periods. Effects that were not significant (>5 %) in at least one of the monitoring periods were then excluded from the model. The resulting model equation was as follows:
where T is the observed maximum temperature, μ is the general mean of temperature, MTH is fixed effect of method, MID is the fixed effect of measuring interval during a day, MTH×MID is the fixed interaction effect between method and measuring interval, GRP is the fixed effect of treatment group, VAC is the fixed effect of treatment period, MTH×VAC is the fixed interaction effect between method and treatment period, MID×VAC is the fixed interaction effect between measuring interval and treatment period, MTH×MID×VAC is the fixed interaction effect between method, measuring interval and treatment period, MTH×GRP×VAC is the fixed interaction effect between method, treatment group and treatment period, MID×GRP×VAC is the fixed interaction effect between measuring interval, treatment group and treatment period, GLT(MTH) is the random effect of gilt nested within method and ε is the random residual.
The factor estimates from the models as well as their standard errors were then used to plot the mean curves of maximum temperatures over a day and the corresponding 95 % confidence intervals by each period, for both measurement methods and for the time of the day under vaccine influence. To calculate the average differences between the day and night temperatures according to the method and the measuring period as well as the average differences between treatment group and control group during vaccine influence according to the method and the measuring period, the required contrasts were established using the LSMESTIMATE statement. Degrees of freedom were approximated with the method by Kenward & Roger (1997) .
For the 1-h and 0.25-h periods no solutions for the required linear contrasts were found.
Results
A significant positive correlation between the VL and PM temperatures was found in 38.5 %, 34.2 % and 28.9 % of the animals when intervals of 0.25 h, 1 h and 2 h were used, respectively ( Table 1 ). The longer the chosen interval, the fewer animals provided a significant correlation between the VL and PM temperatures. The lowest ranges (0.169, 0.176), interquartile ranges (0.076, 0.038) and high medians (0.726, 0.772) were found when intervals of 2 h and 3 h were used, respectively. Figure 2 shows Bland-Altman plots of the overall variation for each period. The figure shows that the difference of PM and VL temperatures have a tendency toward 0 °C with higher arithmetic means of both temperatures. Table 1 Overview of the period, the number of gilts and the measurements, with the median, 25 % (Q25) and 75 % quantile ( M i n i m u m m e a s u r e m e n t s p e r g i l t 6 6 6 6 5 3
Number and percentage of gilts with a significant correlation As seen in Figure 3 , an increase of the temperature was detected with the VL in all of the monitoring periods. This increase lasted on average 5.13 h as described before (Schmidt et al. 2013a) . A significant increase in the PM temperature of the corresponding group was not detectable. Furthermore, the increase in the PM temperature occurred with a time delay compared to the temperature measured with the VL. It can be seen that the smaller the period was, the higher the variability. Table 2 shows the differences between the PM temperatures of the vaccinated gilts on the control day (no vaccination) and the day of the vaccination. As seen, the temperature differences did not significantly change in accordance with the length of the measuring periods. Table 2 Mean differences in the pyrometer temperatures of the gilts in the treatment group (n=21) between the vaccination period and control period by time period, estimated with linear contrasts using the data taken from the results of the statistical model and tested with t-test (α=0.05, degrees of freedom approximated with the method by Kenward & Roger [1997] For both of the methods and all of the periods, there was a significant difference between the average day and average night temperatures, except for the VL measurements over the 3-h and 6-h periods (Table 3 ). The P-values for all of the PM measurements were close to zero, and the estimated temperature differences for every set of PM measurements were higher than for the VL measurements. The smallest difference between the day and night measurements was found when using a 6-h period.
The arithmetic mean value of the daily duration of drinking was 8.12 min (N=44) and the standard deviation was 6.34 min per day.
Discussion
As other studies have shown, temperature measurements taken with a rectal thermometer are often not accurate because of an inadequate insertion depth of the thermometer (Naylor et al. 2012) . Stiehler et al. (2013) demonstrated that rectal temperature is a repeatable diagnostic method in sows, when the method is standardized and when the penetration depths and the type of thermometer is taken into account. Taking measurements with a fixed VL can be used as a method to measure the body temperature in dairy cows (Suthar et al. 2013 ) and in gilts (Schmidt et al. 2013a) . This method provides the advantage of continuous measurements for experimental studies, and a previous study showed that the VT correlated with the rectal temperature in sows (Schmidt et al. 2013a ). However, a limitation of the VL was the high percentage of slipped-out loggers. A better vaginal fixation would be useful, but also more invasive and with the risk of injuries, what should be avoided in the gilts of this study because of following breeding processes.
Confined sows and outdoor sows spend only 2.1 % (approximately 0.5 h) and 0.5 % (approximately 7 min) of the day drinking, respectively (Hötzel et al. 2005) . In our study, the arithmetic mean value of the drinking duration of the gilts was 0.6 % (approximately 8 min) of the day. This is less time in comparison to that spent by the confined sows that were examined by Hötzel et al. (2005) . One reason why our results differ from the results of other authors could possibly be a different water flow rate (50 ml/s in our trials). Therefore, the 0.25-h period is very short and will lead to much missing temperature data during the day because sows do not drink at regular time periods. For continuous temperature monitoring, periods of 2 h appear to be more useful because the corresponding correlation coefficients were higher and more exact compared to those for the shorter periods. However, the number of gilts showing significant correlation between the VL and PM temperatures was lower (only 11 of 38 gilts). In contrast, the 0.25-h period yielded the highest number of gilts with significant correlations between their VL and PM temperatures (15 out of 39 gilts). This can be explained to a certain extent by having more pairs of data available in shorter periods, which is less likely to produce significant results, but in our case leads to lower absolute correlations due to the fluctuations between the different times of the day, especially for the PM (see also Figures 2 and 3) . In longer periods there is less fluctuation between different times of the day, as due to our approach to use only the maximum temperature in every period the shape of the maximum temperature curve throughout the day is smoothened. The lower number of values in the longer periods will make it more difficult to find significant correlations, but often the smoothing effect will lead to higher absolute correlation values. Independent of the period, the variability of the measurements taken with the PM was too high to detect the occurrence of low temperature differences.
There was a significant difference between the average day and night temperatures obtained using both methods and in all of the periods, as shown in table 3, except for the VL measurements with the 3-h and 6-h periods. However, the 95 % confidence limits showed that the average differences between the day and night temperatures that were measured with the VL did not exceed 0.6 K, whereas they were at least 1.19 K for the PM measurements. This result implies that there was a much stronger diurnal rhythm in the temperature measurements with the PM than in the measurements with the VL, which must be considered when using a PM for temperature monitoring. The reason for the stronger diurnal rhythm in the PM measurements could be that the core temperature is regulated more strictly than is the surface temperature. When considering a monitoring system, this fact needs to be taken into account. Detecting an increase in the body surface temperature that correlated with an increase in the core temperature was not possible. Changes in the temperature level could likely be better detected if they were large and/or sufficiently prolonged. A better accuracy of the PM could also improve the results, because the system of this study works with an accuracy of ± 1.5 °C. The PM appeared to be unsuitable for detecting short-term temperature increases and decreases within the period of 12 h postvaccination because the variability in its measurements compared to that of the VL was too high. However, the induced temperature increase should have lasted for at least 12 h, so the effect of the circadian rhythm would not have such a strong influence, and the PM detected a higher temperature level over a longer period than during the previous days. Furthermore, the animals drank less during the night, and hence, the standard error for the measurements taken during the night was higher compared to that for the measurements taken during the day. These results partially agree with the results of other authors. Franze et al. (2012) found no correlations between the infrared temperatures of the lower leg areas that were measured using an infrared camera and the rectal temperatures of cows. Another study conducted with humans showed that the sensitivity-specificity combination might not be high enough for screening febrile conditions using an infrared thermography camera aimed at the forehead (Chan et al. 2013) . In contrast, Traulsen et al. (2010) concluded that infrared thermography provided the opportunity to collect regular body surface temperatures. However, it must be noted that all of these authors performed the infrared measurements using an infrared camera with which extremely good targeted measurements are possible, whereas in our study, a PM was used and the measurement spot was more variable. In addition, the other authors used one-time measurements, whereas in this study, continuous measurement was applied. Furthermore, the PM was permanently installed, whereas the infrared camera had been aimed at the target area for each measurement. Therefore, it is not certain whether the PM was always aimed at the same intended target (the eye) but may have been instead aimed only at the greater spot at the orbital area, which would lead to a lower correlation with the VL data due to comparing different body-surface locations with differing surface temperatures at every point in time. In a former study, locations which also represented adequate results were mamma and vulva (Schmidt et al. 2013b) . But because of the positioning of the animals and the practicability of measuring, these locations proved as not adequate.
Six different time periods were utilised in this study. The data from the 0.25-h and 1-h periods showed very high variability compared to that from the periods of 2-h, 3-h and 4-h (Figure 2 ). However, a change in temperature does not occur as rapidly (e. g., in approximately 15 min), and furthermore, the surface temperature most likely reacts more slowly compared to the central regulation systems. If the chosen period was shorter (15 min, 1 h) the variability in the temperature data was higher.
In conclusion, a short-duration increase in the body surface temperature could not be detected automatically with the PM in the orbital area of fever-induced gilts, as opposed to the increase in the body core temperature that was measured using the VL. This result might be different for longer term temperature increases, which would require additional animal experiments or more extensive on-farm studies with naturally occurring inflammatory or infectious diseases that lead to longer feverish periods. The PM measurements were subject to a more noticeable circadian rhythm compared with the VL measurements.
